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Abstract 

We determine the spin wave exchange stiffness D and the exchange constant A for the full Heusler 
compound Cc^FeSi using Brillouin light scattering spectroscopy. We find an extraordinarily large 
value of D = 715 ± 20meVA 2 (A = 31.5 ± l.OpJ/m) which is, to the best of our knowledge, only 
surpassed by the intermetallic compound Fe53Co47 (J. Appl. Phys. 75,7021 (1994)). Furthermore, 
we provide a systematization of the exchange stiffnesses determined for a variety of Co2-based 
Heusler compounds. We find that for the investigated compounds, the exchange stiffness is a 
function of the valence electron concentration and the crystallographic ordering. The exchange 
stiffness increases when the valence electron concentration and/or the amount of the L2i ordering 
increase. A qualitative explanation for the dependence on the valence electron concentration is 
provided. 
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Heusler compounds, which are predicted to be half-metallic materials with a 100% spin 
polarization at the Fermi level, are attracting considerable attention for their use in spin- 
tronic devices 

aa 

. However, inelastic electron-magnon interactions can create states near 
the Fermi level in the gap of the minority spin channel, which reduce the idealized 100% spin 
polarization 

a a. 

As such, the investigation of these phenomena in Heusler compounds 
is a pressing issue in order to understand the strong temperature dependence of the spin 
polarization of these materials [l, 4]. In addition to spintronic devices, several proposed ap- 
plications for which Heusler compounds are promising contenders include spin-calorimetric, 
magneto-optical, and devices based on ferromagnetic shape memory alloys. In all of these 
applications, a key parameter is the exchange stiffness D which describes the energy of a 
magnon, and is related to the exchange constant A which expresses the energy of aligned 
spins in a magnetic material. The knowledge of these material parameters is also crucial for 
micromagnetic simulations and the study of dynamic phenomena. While there have been 
several theoretical investigations of exchange in Heusler compounds [fj] , a systematic exper- 
imental investigation and comparison of the exchange stiffness in Heusler compounds is still 
lacking. 

Our recent efforts towards this goal have concentrated on the use of Brillouin light scat- 
tering (BLS) spectroscopy to determine the exchange stiffnesses of a variety of Co2-based 
Heusler compounds with composition C02XZ jfj, 7, 8], where X and Z are a transition metal 
and a main group element, respectively. In the following, we first present a BLS study of 
Co2FeSi thin films. We emphasize how the value of the exchange stiffness is determined from 
the measured BLS spectra. In particular, we will show that Co2FeSi provides a very high 
exchange stiffness D. To the best of our knowledge, only Fe^Coioo-x alloys where x ~50 
are reported to provide higher values {{]]. Thereafter, a systematization of experimentally 
determined exchange stiffness for C02XZ Heusler compounds is provided. The observed 
trend is parameterized by the number of valence electrons N v , and a tentative qualitative 
explanation for this trend is provided. 

The Co2FeSi samples investigated here consist of 

Al(4nm)/Co 2 FeSi(d)/Cr(30nm)/MgO(001) epitaxial structures (d=20 and 60nm), in 
which all layers were deposited by pulsed laser deposition using a KrF (Ai ager = 248 nm, 
pulse energy 600m J). After deposition the films were annealed at 450 °C. This results in 
L2i ordered Co2FeSi samples, as is confirmed by the presence of (111) Bragg reflections in 
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the x-ray diffractograms, which are forbidden for structures with lower atomic ordering, 



io|. 



such as the B2 structure. Details on the sample preparation are provided in Ref. 

The BLS measurements were performed in the magneto-static surface mode geometry, 
i.e. the magnetic field H was applied parallel to the film surface and perpendicular to the 
plane of light incidence. A diode pumped, frequency doubled Nd:YVC>4 laser (A = 532 nm) 
was used as a light source. A description of this BLS setup can be found in Ref. ll|. Unless 
otherwise indicated, BLS spectra were recorded at an angle of incidence if =45°, defined as 
the angle between the direction of the probing light beam and the film plane's normal. The 
corresponding in-plane wave vector of the detected magnons is given as q\\ = (47r/A) • sin ip, 
being 1.67- 10 7 m~ 1 for </? =45°. 

BLS spectra measured for the 60 nm thick Co2FeSi sample in various external magnetic 
fields are presented in Fig. [0(a). The field dependence of the spin wave frequencies to is 
shown in Fig. [T](b). For both the Stokes (negative frequency) and anti-Stokes (positive 
frequency) parts of the spectrum, u shifts to higher values with increasing magnetic field. 
This is evidence of the magnonic origin of the observed peaks 12| 34j . The dependence of 
spin-wave frequencies on ip (i.e. on q\\) and on Co2FeSi thickness is shown in Fig. [T](c) and 
(d) respectively. 

The value of the exchange stiffness D is determined by fitting the experimental spin wave 
frequencies using a phenomenological model fl3j | . The exchange constant A is determined 
from A = DMs/2gfiB where Ms is the saturation magnetization, g is the Lande g-factor and 
fis is the Bohr magneton The spin wave frequencies were calculated as a function of (a) 
the external magnetic field, (b) the angle of incidence and (c) the film thickness (Fig. [Jjb- 
d)). For all three dependencies the best agreement between the experimental data and the 
calculations is achieved for D = 715 ± 20meVA 2 (A = 31.5 ± l.OpJ/m), /i M s = 1.28T 
(/i = 4.93 y^e/formula unit), and g = 2.0, respectively. The magnetic anisotropies were 
neglected, as we have verified that they are too small to change the spin-wave frequencies 
observed in the BLS spectra (i.e. below 10 3 J/m 3 , data not shown). This is in agreement 
with negligibly small magnetocrystalline anisotropy we have previously found in L2i ordered 
Co 2 MnSi y. 

The Heusler compounds are well known to be systematized by the number of valence 
electrons N v . Striking examples are the magnetic moment described by the Slater-Pauling 
rule Q, Q, 16] or the Curie temperature Tc both linearly dependent on N v . Here 
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FIG. 1: (color) (a) BLS spectra for 60 nm thick Co2FeSi film in different magnetic fields. Peaks 
are assigned as Damon-Eshbach (DE) or perpendicular standing spin wave (PSSW) modes, (b) 
field dependence of the BLS frequencies (A Stokes lines, T anti-Stokes). (c) and (d) dependence 
of the BLS frequencies on the angle of incidence ip {H = 200 mT and d = 60 nm), and the film 
thickness d (H = 200 mT), respectively, (b-d) also show the results of numerical simulations of 
the BLS frequencies (solid lines). See text for details. 

we show that the exchange stiffness D in Heusler compounds scales with N v as well. We 
have collected D values of various Co2-based Heusler compounds. Most of these were de- 
termined by us, namely: CooFeSi(L2i) (this work), Co 2 MnSi(L2!) pj, CojFeAl(B2) and 



Co 2 Cr . 6 Feo. 4 Al(CCFA)(B2) [a], CosMnSi^AL,, including Co 2 MnAl(B2) (l8|. Belmegue 



nai et al. recently reported on the exchange stiffness of Co2MnGe |19j]. However, the 
crystallographic order of the investigated Co2MnGe films was not specified. All values of 
D were determined using BLS spectroscopy measurements carried out at room temperature 
(RT). 

The dependence of D on N v is presented in Fig. |2j The salient features are: (i) A very large 
change in D is observed between Co2FeSi (-D=715 meV A 2 ) and CCFA or C02M11AI (both 
~ 200meVA 2 ). Such a large change is associated with the introduction of only 0.5 valence 
electron per atom, (ii) The experimental points are segregated into two branches related 
to B2- and L2i-ordered compounds. In both branches, the D is monotonously increasing 
with increasing N v . Although the trends appear to be linear, the investigation of further 
compounds would clarify the exact functional form of this dependence. Even though the 
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FIG. 2: (color) (full triangles) Experimental exchange stiffness D of various C02XZ compounds. 
The straight dashed lines are guide for eye for L2i and B2 ordered compounds, (empty squares) 
Expected D values for CCFA and C02M11AI when corrections for L2i order and OK are taken into 
account (see text). Inset: Dependence of D on L2i order for Co2MnSi. The straight line shows a 



linear fit. Data determined from our previous work 
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ordering of the Co2MnGe sample was not provided [19], it appears to fall on the B2 branch 
of the data, (iii) The B2-ordered Co2MnAl and CCFA have similar AVs (7 and 6.95 valence 
electrons per atom) and very similar D values. 

The observations (i) - (iii) suggest that D is a function of both N v and the crystallographic 
ordering. The latter observation is consistent with our previous study of a series of Co2MnSi 
samples with a varying degree of L2i order The determined D values are shown in the 
inset of Fig. [2] and linearly increase with increasing degree of L2 X ordering. Extrapolating 
these data, it can be inferred that the D value for a perfectly B2-ordered Co2MnSi sample 
would be reduced to ~56% {i.e. to 324meVA 2 ) compared to an L2i ordered sample of the 
same composition (575meVA 2 ). The extrapolated B2 value of D for Co2MnSi compares 
favorably with the experimental D of B2-ordered Co2FeAl (370meVA 2 ) (both Co2MnSi 
and Co2FeAl have N v = 7.25 e~/atom). It again suggests D to be a function of A^ v and the 
crystallographic ordering. Assuming, that D B2 /D L2l ~ 60% for all Heusler compounds, the 
hypothetical D values for L2i ordered CCFA and Co2MnAl would rise to ca. 330meVA 2 
at RT. This value would however still be ~70meVA 2 lower than the extrapolated behavior 
for the L2i branch 35l |. 

One of the most attractive features of Heusler compounds is the possibility to tune their 
magnetic properties, such as Ms [20j, |2l| and Tq (13], using the chemical handle provided 



by N v . As was discussed above, the exchange stiffness D scales with N v , for a given atomic 
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FIG. 3: (color) Exchange stiffness D as a function of the bulk lattice constant a. The solid line is 
a guide to the eye. 

ordering. While a quantitative description of this trend is still elusive, here we point out a 
few features that help to understand the dependence of D on N v . 

In the following, we discuss three possible contributions which may give rise to the ob- 
served dependence between the composition (and N v ) and the exchange integral J, which 
is related to the exchange stiffness D. (1) The increase of N v adds electrons to the elec- 
tronic structure. The additional electrons will be primari 



y found in the t 2g orbitals of the 
transition metal X in the Co 2 XZ Heusler compound 22j. Thus, increasing N v increases 



the electron density that will participate in exchange. Additionally, ab-initio atom-resolved 



calculations of the density of states in Co 2 XZ (X=Mn,Fe; Z=Al,Si) 13, |23j, |24j show that 
for a given non-magnetic element Z, substituting Mn by the more electronegative Fe results 
in a lowering of the energy of the X-based bands. This results in an improved alignment 
of the band energy between X and Co atoms, providing a stronger overlap of the electronic 
functions, and hence a stronger exchange interaction. (2) The difference in electronegativity 
between Co and Si (—0.02 on the Pauling electronegativity scale) is much less than between 
Co and Al (0.27). As such, Co-Si bonding is of more covalent character than Co-Al bonding 



22|. While this will impact the electronic properties, it is not clear how this affects the 
exchange interactions. However, this appears to be correlated to an enhanced exchange 
stiffness. (3) Finally, increasing N v is related with smaller atomic diameter, leading to a 
contraction of the unit cell due to the reduction in size of the constituent elements. Hence, 
a stronger exchange interaction is expected due to the better overlap of orbitals, a result of 
the closer proximity between the magnetic elements. Indeed, larger exchange stiffnesses are 
generally observed for smaller (bulk) lattice constants a, as is shown in Fig. [3j 

It is important to note that the trend between D and N v is not solely due to N v , as is the 



case for the magnetic moment determined by the Slater- Pauling rule 21] . In particular, the 
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same exchange stiffness would not be expected a priori for systems having the same N v , due 
to generally different electronic structures, and thus exchange integrals. However, we have 
observed the same exchange for Co2MnAl and CCFA (having nearly the same N v — 7 and 
6.95 e~/atom, respectively). Furthermore, the exchange value of Co2MnSi extrapolated to 
the B2-ordered state is comparable to the D values for Co2FeAl and Co2MnGe, all having 
N v = 7.25 e~/atom. 

Figure H] compares the exchange stiffness D associated to a variety of Co2-based Heusler 
compounds, the ferromagnetic 3d-metals, and Fe-rich bcc-Fe x Coioo-x intermetallic com- 
pounds, as a function of N v . Note that these are experimental data collected from 



our own work on C02 
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As discussed above, Co2-based Heusler compounds appear to follow a roughly linear 
dependence of D on iV v , reaching a maximum value with Co 2 FeSi (D = 715 ± 20meVA 2 ). 
The Fe^Coioo-x compounds also provide a roughly linear dependence between D and N v in 
the x range of 50-100, reaching a maximum value of D = 800 ± 50 meV A 2 with Fes3Co47 9| 
which is (to the best of our knowledge), the largest exchange stiffness reported. This shows 
that the value we find for Co2FeSi is extraordinarily large. It is larger than D of the pure 
ferromagnetic 3d metals, and nearly as large as the maximum value of D obtained for the 
Fe^Coioo-rr series. Such an extraordinary value of Co 2 FeSi is surprising, particularly when 
taking into account that one quarter of the constituent atoms is a non-magnetic element 
(Si). It is also worth noting that the exchange constant A of Co2FeSi (31.5pJ/m) is also only 
surpassed by Fes3Co47 (38.4 pj/m), and is on par (within experimental error) with Fe63Co37 
(32.1 pj/m) [9J. 

In conclusion, we have found an extraordinary large exchange stiffness D in Co2FeSi, 
which is nearly as high as the record exchange of Fes3Co47. The careful comparison between 
exchange stiffnesses in various Co2-based Heusler compounds shows that the exchange stiff- 
ness D is a function of the number of valence electrons N v and the crystallographic order. 
Hence, the dependence of D on N v is provided by two different branches for L2i and B2 
order, the latter one being about 60% of the former. In both branches, D increases with 
increasing N v , which corresponds to the larger overlap of the wave functions due to (i) an 
increase of the electron density, (ii) better match of the band energies and (iii) shrinking 
of the lattice constant. The establishment of such trends is crucial towards devising new 
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FIG. 4: (color) Exchange stiffness D as a function of number of valence electrons N v for C02XZ 
Heusler compounds, the ferromagnetic 3<i-metals, and bcc-FezCoioo-z compounds. Lines are guides 
to the eye. 



materials, as well as providing guidelines towards a better first-principle understanding of 
the underlying electronic structures of cobalt-Heusler compounds. 
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